The mechanisms by which hypoxia causes vasoconstriction in vivo are not known. Accumulating evidence implicates the endothelium as a key regulator of vascular tone. Hypoxia induces the expression and secretion of endothelin-1 (ET-1), a potent vasoconstrictor in cultured human endothelial cells. We report here that nitric oxide (NO), an endothelial-derived relaxing factor, modifies this induction of ET-1. Whereas low oxygen tension (Po2 = 20-30 Torr) increases ET-1 expression four-to eightfold above that seen at normal oxygen tension (Po2 = 150 Torr), sodium nitroprusside, which releases NO, suppresses this effect. This inhibition of hypoxia-induced ET-1 expression occurs within the first hour of exposure of cells to sodium nitroprusside. Moreover, when the endogenous constitutive levels of NO made by endothelial cells are suppressed using N-w-nitro-L-arginine, a potent competitive inhibitor of NO synthase, the baseline levels of ET-1 produced in normoxic environments are increased three-to fourfold. The effects of hypoxia and the NO synthase inhibitor on ET-1 expression are additive. The regulation of ET-1 production by NO appears to be at the level of transcription. Similar effects of NO were observed on the expression of the PDGF-B chain gene. PDGF-B expression was suppressed by NO in a hypoxic environment and induced by N-w-nitro-L-arginine in both normoxic and hypoxic environments. These findings suggest that in addition to its role as a vasodilator, NO may also influence vascular tone via the regulated reciprocal production ofET-1 and PDGF-B in the vasculature. (J. Clin. Invest. 1993. 92:99-104.) Key words: hypoxianitric oxide * endothelin * umbilical vein * platelet-derived growth factor-B Introduction Endothelial cells serve a key role in the local regulation ofblood vessel tone via the release of vasoactive agents controlling smooth muscle cell proliferation and contractility. They are known to release both vasoconstrictors such as endothelin-1 (ET-1) 1 ( 1 ) and PDGF (2) and vasodilators such as endothelial-derived nitric oxide (NO) (3) in response to local and circulating factors. In fact, the presence of an intact endothelium
Introduction
Endothelial cells serve a key role in the local regulation ofblood vessel tone via the release of vasoactive agents controlling smooth muscle cell proliferation and contractility. They are known to release both vasoconstrictors such as endothelin-1 (ET-1) 1 ( 1 ) and PDGF (2) and vasodilators such as endothelial-derived nitric oxide (NO) (3) in response to local and circulating factors. In fact, the presence of an intact endothelium is necessary for agents such as bradykinin and acetylcholine to cause vascular smooth muscle cell relaxation (4) . NO or some closely related molecule is formed by the vascular endothelial cells from the guanidino group of L-arginine which is converted to citrulline by the enzyme nitric oxide synthase (5) . Endothelial-derived NO is thought to mediate vasorelaxation in vivo by diffusing from the endothelial cells to the smooth muscle cells, and activating soluble guanylate cyclase which results in elevated levels of intracellular cGMP.
L-arginine analogues have been described as inhibitors of NO generation (6) . Infusions of such inhibitors into humans results in significant vasoconstriction, suggesting that some constitutive release of NO maintains the vasculature in a partially dilated state (6) .
ET-1 is a 2 1-amino acid peptide with potent vasoconstrictor properties (7) . The human ET-1 is derived from a 212-amino acid peptide, preproET-1, via a 38-amino acid intermediate called big endothelin. PreproET-1 mRNA is expressed by human endothelial cells from a variety of vascular beds and is regulated by factors such as transforming growth factor (3, phorbol esters, shear stress (1) , and thrombin ( 8 ) . Due to its vasoconstrictive properties, ET-1 has potent cardiovascular, pulmonary, and renal actions and may play a pathophysiologic role in a number ofconditions including myocardial infarction (9) , renal disease (10) , and pulmonary hypertension ( 11 ) .
We have recently reported that hypoxia strongly upregulates the transcriptional rate ofthe ET-1 gene in human umbilical vein endothelial cells, resulting in a four-to eightfold increase in ET-1 protein secretion (12) . In addition, we have shown that hypoxia increases the transcriptional rate of the PDGF-B chain gene in human endothelial cells ( 13) . PDGF is a dimer composed of two peptides, A and B, that are products of two independently regulated genes ( 13) . The PDGF-BB dimer in particular is a potent mitogen and chemoattractant for vascular smooth muscle cells and has vasoconstrictor activity ( 14) . It is known that chronic hypoxia results in smooth muscle cell hyperplasia in the microvasculature ofthe lung and that acute hypoxia causes vasoconstriction of the pulmonary blood vessels. Agents such as ET-1 and PDGF that are induced by hypoxia might mediate some of these hypoxia-induced changes in the pulmonary vasculature.
Endothelial cells, therefore, can regulate vascular tone by releasing both vasoconstrictors such as ET-1 and PDGF, and vasodilators like NO. In this manner, normal tone would be maintained by a balance ofthese two types ofvasoactive mediators, possibly through feedback loop mechanisms. We therefore investigated whether endogenous or exogenous variations in levels of NO could modify the increases in endothelin or PDGF production by vascular endothelial cells in response to hypoxia.
Methods
Cell culture. Primary cultures of human umbilical vein endothelial cells (HUVE) were subcultured on gelatin-coated plates in the presence of heparin (15 U/ml) and endothelial cell growth supplement (2.5 mg/ 100 ml media) (Sigma Chemical Co., St. Louis, MO), in M 199 medium (Gibco Laboratories, Grand Island, NY) with 20% fetal calf serum (Hyclone Laboratories, Logan, UT) at 370C, 5% CO2 in a humidified incubator. Cells were passaged by trypsinization with 0.025% trypsin/EDTA (Gibco Laboratories) every 3-4 d. Endothelial cells at confluence between passages 6 and 10 were exposed to low oxygen tensions in air-tight chambers flushed with preanalyzed gas mixtures and kept at 370C.
The desired oxygen mixture was preanalyzed (Northeast Air and Gas, Inc., Manchester, NH) and infused into air-tight incubators with inflow and outflow valves (Billups-Rothenberg Inc., Del Mar, CA) at a flow rate of 3 liter/min for 15 min per d. We have previously found a steady drop in Po2 from 150 Torr to 60 Torr by 6 h of hypoxia using a gas mixture of95% N2/ 5% CO2 (0% 02 environment) ( 12) . The P02 in the media reached a level of 20 Torr after 12 h and remained so throughout the duration ofthe incubation period (up to 3 d). When 1% 02 was infused with 94% N2/5% CO2 gas mixture, the lowest P02 reached in the media was 30 Torr. We have found the regulation of ET-1 and PDGF-B genes to occur between this narrow range ofoxygen tension (0-1% 02 environment corresponding to a Po2 of20-30 Torr). Therefore, either 0 or 1% 02 environments are used as indicated in each figure to attain a hypoxic atmosphere.
Reagents. N-w-nitro-L-arginine (L-NNA) was purchased from Sigma Chemical Co. and sodium nitroprusside from Elkins (17) encoding the v-sis oncogene. The actin probe was the 800-bp PstI fragment ofthe mouse f,-actin gene. Hybridization conditions were as previously described ( 13). For quantitation, transcript levels ofpreproET-1 and PDGF-B were normalized after densitometry to the levels of actin transcripts, which did not change under the various oxygen environments.
Nuclear run-off analysis. Confluent cultures of endothelial cells were exposed to 21% oxygen for 48 h in the presence or absence of 2.5 mM L-NNA. At the end of the incubation, nuclei were isolated as previously described ( 13 ) . Aliquots of nuclear suspension were incubated with 0.5 mM each ofCTP, ATP, and GTP and 250 MCi of a_32p_ labeled UTP (3,000 Ci/mmol) (New England Nuclear, Boston, MA). The samples were phenol/chloroform extracted, precipitated, and resuspended at equal cpm/ ml in hybridization buffer ( 10-20 X 10' cpm/ ml). Hybridization to denatured probes ( 1 jg) dot-blotted on nitrocellulose filters was performed at 40°C for 3 d in the presence of 50% formamide. cDNA probes for the preproET-1, PDGF-B, and basic fibroblast growth factor (bFGF) genes were used.
Measurements ofET-1. Confluent endothelial cells in triplicate 60-mm plates were washed, refed, and exposed to 0% 02 alone, or 0% 02 plus 1 mM sodium nitroprusside (SNP) or 0% 02 + 2.5 mM L-NNA for 24 h. A parallel culture containing 1 mM SNP or 2.5 mM L-NNA was maintained in 21% oxygen. The conditioned media were collected, spun to remove cells, and kept frozen at -20'C until assay. ET-1 peptide was measured using a radioimmunoassay kit (Amersham Corp., Arlington Heights, IL) with a detection limit of 10-15 g/ml. The antiserum used in this assay does not cross-react with big endothelin. ET-I production is shown as ET-1 concentration in 3 ml of medium produced/time.
Results
Inhibition ofNO synthesis increases preproET-J and PDGF-B mRNA levels. Since endothelial cells are a major source of NO production in the body, we investigated whether the endogenous levels of NO produced by these cells could modify the baseline and hypoxia-induced amounts of preproET-1 mRNA expressed by these cells. Endothelial cells were exposed to a hypoxic atmosphere with a Po2 = 30 mmHg (1% 02) or normoxic atmosphere with a Po2 = 150 mmHg (21% 02) for 48 h in the presence or absence of2.5 mM L-NNA, a potent competitive inhibitor of the enzyme NO synthase. In the presence of this inhibitor in a normoxic environment, the levels of preproET-1 mRNA were elevated three-to fourfold compared to levels in cells not exposed to the inhibitor. These elevated levels were similar to those in cells which had been exposed to a hypoxic environment for the same time interval ( NO regulates the rate ofET-I and PDGF-B gene transcription. To elucidate mechanisms by which NO regulates the production of ET-1 and PDGF-B, nuclear run-off analysis was performed. Transcriptional rates were determined after 48 h of exposure of cells to normoxia (21% 02) with or without 2.5 mM L-NNA. The transcriptional rate of another gene, bFGF, was analyzed for comparison ( Fig. 1 B) . Compared to the transcriptional rate of preproET-l in the control cells, there was a fourfold increase in preproET-1 gene transcription in cells treated with L-NNA. In the case of PDGF-B, the inhibitor of NO synthesis induced the rate of transcription of this gene twofold above control. In contrast, the transcriptional rate of the bFGF gene was similar in the presence or absence of this inhibitor.
NO suppresses the hypoxia-induced increases in preproET-I and PDGF-B mRNA. Cultures of HUVE were exposed to a hypoxic atmosphere with Po2 = 20 mm Hg (0% oxygen) or to a normoxic atmosphere with a Po2 = 150 mmHg (21% oxygen) for 24 h. Northern blot analysis of endothelial cell RNA showed a consistent fourfold increase in steady-state preproET-1 mRNA levels in cells exposed to a hypoxic environ-100 S. Kourembanas (Fig. 2 A, solid bars) compared to the transcript levels in cells maintained in a 21% oxygen environment. In contrast, there was no change over control levels in preproET-1 mRNA in cells exposed to a hypoxic environment while in the presence of 1 mM SNP whose biological activity is due to NO release. Cells exposed to 21% oxygen environment with SNP accumulated 30-40% less amounts ofpreproET-I mRNA compared to controls at 21% oxygen alone. SNP also suppressed the hypoxia-induced transcript levels of PDGF-B at 24 h. When the same blot was stripped and reprobed with a cDNA probe for PDGF-B, PDGF-B mRNA levels were found to be increased threefold in hypoxic compared to normoxic environments while SNP blocked these hypoxia-induced increases (Fig. 2 A,  hatched bars) . Levels of actin mRNA were unaffected by oxy- gen tension or by SNP and are used to normalize for RNA loaded. The time course of the blocking activity of SNP on hypoxia-induced preproET-1 mRNA expression was then examined. Hypoxia induced preproET-1 transcripts within 1 h, but this induction was completely abrogated in the presence of SNP and no induction was seen even after 24 h ofhypoxia (Fig.  1 B) . In the case of PDGF-B, SNP inhibited the hypoxia-induced increases in mRNA after 24 h (data not shown), the minimum time required for hypoxia to increase the transcriptional rate of this gene ( 13) .
NO-regulated secretion ofET-J. To determine whether the changes in preproET-1 mRNA levels resulted in changes in ET-1 protein secretion, a radioimmunoassay was used to quantify the ET-1 secreted by endothelial cells. The conditioned media were assayed for ET-1 reactivity as described in Methods, after exposing endothelial cells to hypoxia (0% 02) or normoxia (21% 02) in the presence or absence of SNP or L-NNA for 24 h. Using a radiobinding assay, we have previously reported a four-to eightfold increase in ET-1 secretion by endothelial cells exposed to hypoxia compared to normoxia ( 12) . With the radioimmunoassay used here we detected higher baseline amounts of ET-1 at 21% 02 environment than were detected with the radiobinding assay. Hypoxia resulted in a twoto threefold further increased secretion of ET-1 by endothelial cells (Fig. 3, column I versus column 2) . However, cells exposed to a hypoxic environment in the presence ofSNP demonstrated no increase in ET-1, and secreted amounts of ET-1 equal or lower than cells exposed to a 21% 02 environment (column 3 versus column 2). SNP had no effect on the baseline Carbon monoxide (CO) mimics the effects ofNO on PDGF-B and ET-J gene expression. We have proposed that endothelial cells may sense oxygen levels via a heme-containing protein ( 12) which attains a "relaxed" configuration when bound with oxygen or a "tense" configuration when not bound. The tense configuration would result in increased gene expression of the vasoconstrictors ET-1 and PDGF-B. Similar mechanisms have been proposed in the regulation of the erythropoietin gene by hypoxia ( 18) . Like oxygen, CO and NO are both bound by heme-containing proteins. We therefore tested the hypothesis that CO would have similar effects to those of NO and oxygen on the expression of the PDGF-B and ET-I genes. Endothelial cells were exposed to hypoxic, normoxic, or hypoxic/ 10% CO environments for 3 d and ET-1 and PDGF-B mRNA levels were determined (Fig. 4) . Roughly fivefold greater ET-l transcript levels accumulated in endothelial cells exposed to the hypoxic (0% 02) environment for this time period compared to levels in normoxia (Fig. 4, solid bars) . In contrast, cells exposed to 10% CO in 0% 02 expressed only low levels ofET-1 mRNA. These mRNA levels were similar to those in normoxia and markedly less than the levels in hypoxia alone. As was the case with ET-1, PDGF-B mRNA was also expressed at low levels when cells were exposed to 10% CO in a hypoxic environment comparable to those at 21% 02 (Fig. 4, hatched bars) . At 0% 02 alone, PDGF-B mRNA levels were tenfold greater than those in cells maintained in 21% 02 environment. In contrast, actin mRNA levels are not affected by the presence of oxygen or CO. ( 12) , SNP inhibited the induction of ET-l expression. Conversely, inhibition ofNO production with a competitive inhibitor of NO synthase, such as L-NNA, increased the baseline production of ET-l protein and mRNA threefold in a 21% oxygen environment. There was a further threefold increment in ET-1 if these same cells were exposed to a hypoxic environment in the presence of the inhibitor. These changes in ET-1 production as a function of NO occurred at the level of gene transcription and resulted in corresponding changes ofthe preproET-1 transcript levels.
Similar effects on the PDGF-B gene were seen by modulating levels ofNO in the culture conditions as above, suggesting a common mechanism of action by NO on the hypoxic regulation of genes encoding these two vasoconstrictors. Yokokawa et al. (23) reported that NG-monomethyl L-arginine (another inhibitor ofNO synthesis) enhanced the endothelin-3-induced ET-1 production by HUVE. Boulanger and Luscher (24) have reported that the release of endothelin from the intact porcine aorta is inhibited by endothelium-derived NO. In their system, the basal release of endothelin was unaffected by NOS inhibitors and only the thrombin or calcium ionophore A23187-induced release of endothelin was affected by elevated levels of NO. In our human endothelial culture system, however, both basal ET-1 gene expression and release ofendothelin were substantially increased by inhibition of the endothelial-derived NO synthesis and these were even further increased in hypoxia. In agreement with our results, Saijonmaa et al. also reported that SNP reduced the basal production of endothelin by these same cells (25) .
Work by Moncada et al. has suggested that endogenous levels of NO maintain the vasculature in a dilated state (6) .
Intravenous injections of NG-monomethyl-L-arginine into various species as well as humans caused a substantial and immediate rise in blood pressure (6). Chang et al. reported that' basal NO release plays an important role in maintaining the low vascular tone in the intact umbilical-placental circulation (26) . These data suggest that baseline constitutive levels ofNO may play a direct role in the maintenance of vascular relaxation. In addition, NO may enhance vasodilation by interfering with the baseline expression of vasoconstrictors and thus mimic the actions ofoxygen on ET-1 and PDGF-B gene regulation.
One possible common mechanism ofsignal transduction of oxygen and NO could be a heme-binding protein that binds these ligands and attains a relaxed form (bound state) or a tense configuration in the unbound state. In this manner, NO could evoke potentially similar intracellular events to those induced by oxygen, leading to the transcriptional regulation of the ET-l and PDGF genes. Indeed, any molecule bound by heme proteins in this same manner would be predicted to lead to similar regulatory events. We formally tested this hypothesis by exposing cells to CO, another known ligand for heme. We found that in the presence of CO both the ET-I and PDGF-B genes continued to be expressed at only low levels, as if in a normoxic environment, despite the absence ofoxygen. Similar findings using CO have been reported for the erythropoietin gene, which is also regulated by hypoxia ( 18) . In addition, CO has recently been reported to activate guanylate cyclase and to be a regulator of cGMP very much like NO (27) . Similar to NO, therefore, CO can serve as a smooth muscle cell dilator regulating blood vessel tone in the vasculature (27) .
Since NO and CO were found to suppress the hypoxic increases in vasoconstrictor production and since they both activate guanylate cyclase, we tested the hypothesis that elevated cGMP levels may also downregulate ET-1 and PDGF-B gene expression. In the presence of methylene blue, an inhibitor of guanylate cyclase, the basal and hypoxic transcript levels of ET-1 and PDGF-B were slightly elevated. In contrast, 8-bromo-cGMP addition had no effect on ET-1 and PDGF-B expression providing more evidence for an alternative mechanism of hypoxic signal transduction (e.g., via a heme-containing sensor).
Whether or not the NO and oxygen signals are transduced intracellularly via common pathways, both NO and oxygen do have similar vasodilating effects on the pulmonary vascular tone. NO exerts its vasodilating effect in at least two ways: via previously described direct effects on the baseline tone ofvascular smooth muscle; and, according to our findings, indirectly by inhibiting endothelial production of the potent vasoconstrictors, ET-1 and PDGF-B.
